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Nipavan Chiamvimonvat,*³ M. Teresa PeÂ rez-GarcõÂa,*³ between the fifth and sixth membrane spanning repeats
(Figure 1; Heinemann et al., 1992; Terlau et al., 1991;Ravi Ranjan,² Eduardo Marban,*
Backx et al., 1992; Satin et al., 1992). Each domain ofand Gordon F. Tomaselli*
the Na1 channel contributesone such loop or P segment*Section of Molecular and Cellular Cardiology
to formationof the pore, but unlike K1 channels (MacKin-Department of Medicine
non, 1995; LuÈ and Miller, 1995), the contributions are²Department of Biomedical Engineering
not symmetrical (PeÂ rez-GarcõÂa et al., 1996). MutagenesisJohns Hopkins University School of Medicine
in this region of the Na1 channel has identified residuesBaltimore, Maryland 21205
that alter permeation and block of the channel (Noda et
al., 1989; Terlau et al., 1991; Pusch et al., 1991; Heine-
mann et al., 1992; Satin et al., 1992; Backx et al., 1992;Summary
Tomaselli et al., 1995; PeÂ rez-GarcõÂa et al., 1996). Among
the amino acids in this region, one in each P segmentWe used serial cysteine mutagenesis to study the
(aspartic acid, glutamic acid, lysine, and alanine in do-structure of the outer vestibule and selectivity region
mains I-IV) is thought to form the narrow region of theof the voltage-gated Na1 channel. The voltage depen-
pore. Neutralizing the charge of the first two residuesdence of Cd21 block enabled us to determine the loca-
drastically reduces Na1 flux (Terlau et al., 1991), whiletions within the electrical field of cysteine-substituted
replacing the lysine in the third repeat with glutamicmutants in the P segments of all four domains. The
acid makes the channel selective for Ca21 over Na1 atfractional electrical distances of the substituted cyste-
physiological concentrations (Heinemann et al., 1992).ines were compared with the differential sensitivity to
A naturally divergent cysteine present in the pore of themodification by sulfhydryl-specific modifying re-
cardiac isoform but absent from the skeletal muscleagents. These experiments indicate that the P seg-
and neuronal channels influences Na1 flux and block ofment of domain II is external, while the domain IV P
these channels, by group IIB divalent cations such assegment is displaced internally, compared with the
Cd21 and Zn21 (Backx et al., 1992; Satin et al., 1992).first and third domain P segments. Sulfhydryls with a
The cysteine-containing channel is blocked with highsteep voltage dependence for Cd21 block produced
affinity by these cations and has a smaller single-chan-changes in monovalent cation selectivity; these in-
nel conductance (Backx et al., 1992). As in other cation-cluded substitutions at the presumed selectivity filter,
selective channels, there is a cluster of negativelyas well as residues in the domain IV P segment not
charged amino acids in each domain that are carboxy-previously recognized as determinants of selectivity.
terminal to the selectivity residues; neutralization ofA new structural model is presented in which each of
these amino acids in domains I, II, or IV reduces the Na1theP segments contribute unique loops that penetrate
conductance (Terlau et al., 1991).the membrane to varying depths to form the channel
Identifying the amino acids that form the selectivitypore.
region permits limited deductions about the overall ar-
chitecture of the channel vestibule and pore. StructuralIntroduction
models of the Na1 channel propose that the P segments
are composed of short loops that connect a helices
Voltage-gated ion channels are complex transmem-
(Guy and Durell, 1995). The models suggest that the P
brane proteins that mediate diverse physiological func-
segments do not traverse the entire lipid bilayer but
tions such as excitation, contraction, and secretion. The
instead remain near theextracellular face of the channel,
raison d'eÃ tre of channel proteins is the selective trans- with only short segments extending into the bilayer to
port of ions across the cell membrane. Channel proteins
form the selectivity region. Site-directed mutagenesis
support very high ionic fluxes, yet effectively discrimi-
results in both Na1 and K1 channels suggest that much
nate among ions of similar size and charge. Na1 chan-
of the pore lining is composed of extended loops rather
nels, which underlie excitability in nerve and muscle, than a helices or b strands (PeÂ rez-GarcõÂa et al., 1996;
transport Na1 20-fold more efficiently than K1(Hille, MacKinnon, 1995; KuÈ rz et al., 1995; LuÈ and Miller, 1995;
1992). Recent experimental results have identified re- Pascual et al., 1995; Schetz and Anderson, 1993).
gions of the channel protein that mediate ion flux, yet the In an effort to refine our understanding of the structure
molecular basis of selectivity in Na1 channels remains of the Na1 channel pore, we used serial cysteine muta-
unknown. In theabsence of a resolved structure, indirect genesis combined with single-channel recording to lo-
methods have been used to probe the structural basis calize the binding site of Cd21 in the electrical field. We
of permeation in ion channels. also employed methanethiosulfonate (MTS) reagents of
A first step in understanding the structure-function different size and charge to determine the tightness of
relationships underlying permeation is to determine the the packing of residues in the pore region. Finally, we
amino acid residues involved in formation of the ion- examined the effect of each of the mutationson selectiv-
selective pore. In Na1 channels, the selectivity-determin- ity. Our results lead to two conclusions: first, loops con-
ing residues are in the major (a) subunit in a segment tributed by each of the domains of the channel are not
in register; secondly, amino acids other than those at
the putative selectivity filter figure just as prominently³The first and second authors have contributed equally to this work.
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Figure 1. Alignment of the Amino Acids in the P-Segments of the m1 Skeletal Muscle Na1 Channel
(A) The amino acids were aligned by sequence starting at the putative selectivity filter and 4±5 positions toward the carboxy terminal. The
external ring of negative charge consists of E403, E758, D1241, and D1532. A naturally divergent cysteine at position 401 is found in the
cardiac channel isoform.
(B) Sequence alignment of the P segments of the rat skeletal muscle Na1 (Trimmer et al., 1989) and rabbit skeletal muscle Ca21 channel
(Tanabe et al., 1987). The upper case letters in the Na1 channel sequence represent residues that are conserved across all mammalian skeletal
muscle, brain, and heart channels. The selectivity filter residues, enclosed in the box, are the reference for the alignment.
in ion selectivity. These data define the extent of the the addition of 1 mM Cd21 to the extracellular bath. This
low-affinity block is not mediated by an endogenousasymmetry of the external pore of the Na1 channel and
require significant modification of structural models of cysteine residue in the pore; addition of the sulfhydryl-
specific modifying reagent MTS-ethylsulfonate (MTSES)the pore.
does not decrease the peak current, nor does it alter
Results
Table 1. Single-Channel Conductances and Half-Blocking Cd21
Cysteinyl Side Chains in the Pore Bind Cd21 Concentration (IC50) of Na1 Channels Before and After MTS Reagent
Figure 1A shows the amino acids that comprise the Modification
ascending limbs or SS2 regions of the P segments in
IC50 (mM)each of the four domains of the skeletal muscle (m1) after
Na1 channel (Trimmer et al., 1989). The alignment of gNa (pS) IC50 (mM) modification
the residues is based on sequence similarity among P
WT (m1) 50 6 0.3 (4) 1700 (16) z1700 (1)
segments of various cation-selective families (Tomaselli
D400C 6 6 0.5 (2) 192* (5) Ðet al., 1993). The alignment is anchored by the putative
Y401C 43² 17* (17) 500 (1)selectivity filter formed by residues D400, E755, K1237,
W402C 46³ 133* (8) Ð
and A1529 (Figure 1B); the analogous residues in the E403C 25 6 2 (3) 127* (11) Ð
Ca21 channel are all glutamates, and conversion of the
E755C 14 6 2 (2) 0.03* (8) Ðcorresponding Na1 channel residues to glutamate pro-
W756C 2 860 (20) Ð
duces Ca21-selective channels (Heinemann et al., 1992). I757C 40 6 2 (3) 152* (7) Ð
We individually substituted with cysteine each of the E758C 18 6 0.5 (4) 319* (11) 1030 (2)
residues from the putative selectivity filter to the external K1237C 105 6 5 (2) 51* (4) Ð
cluster of acidic amino acids (Terlau et al., 1991). When W1239C 32 6 1.3 (5) 101* (9) Ð
expressed inXenopus oocytes, these mutants produced M1240C 39 6 1.2 (3) 107* (9) Ð
D1241C 38 6 2 (2) 147* (4) 386 (3)Na1-selective ion channels with properties similar to
those of wild-type channels (PeÂ rez-GarcõÂa et al., 1996). A1529C 28 6 0.4 (4) 263* (8) Ð
Cysteine substitution was well-tolerated; all but one G1530C 58 6 2 (2) 1040 (7) Ð
W1531C 100 6 4 (2) 150* (7) Ðsubstitution (G1238C) produced functional channels,
D1532C 36 (1) 193* (18) Ðand all but two of the remaining substitutions (W756C
and G1530C) were blocked by submillimolar concentra- WT (m1), wild-type m1 skeletal muscle Na1 channel; gNa, single-
channel Na1 conductance in pS expressed as the mean 6 SEM;tions of Cd21 (PeÂ rez-GarcõÂa et al., 1996). Table 1 summa-
IC50, half-blocking concentration of the whole-cell current by Cd21rizes the half-blocking concentration (IC50) for Cd21 of
in mM. The IC50s were obtained from fitof more than 3 determinationseach of the mutants.
at each blocker concentrations. IC50s were obtained in some mu-The presence of an accessible cysteinyl side chain in tants after modification with 5 mM MTSES. The numbers in paren-
the aqueous pore binds Cd21 with high affinity, thereby theses represent the number of patches (gNa ) or oocytes (IC50).
reducing Na1 flux through the channel. This interpreta- *p,0.05 compared to the wild-type m1 channel.
²Conductance measured in excised inside-out patches and sym-tion is bolstered by the results in Figure 2A. Despite the
metrical Na1 from Backx et al., 1992.presence of 16 cysteine residues in putative extracellu-
³Conductance measured in excised inside-out patches and sym-lar loops (Trimmer et al., 1989), the current through the
metrical Na1 from Tomaselli et al., 1995.
wild-type m1 channel is only decreased by z50% after
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Figure 2. Evidence that Cd21 Block Is Medi-
ated by Substituted Cysteines
The effect of Cd21 on the wild-type m1 chan-
nel before (A) and after (B) exposure to
MTSES, and the mutant Y401C under similar
conditions (C and D). The current records
were normalized such that the peak currents
at baseline were equal.
(A) Current records from the same oocyte,
elicited by depolarizing voltage steps from
2100 to 235 mV. Application of 1 mM Cd21
to the bath solution reversibly decreases the
peak current by z 50%.
(B) Exposure to a saturating concentration
of MTSES (5 mM) does not affect the peak
current, nor does it alter the sensitivity to
block by Cd21.
(C) Currents through the mutant channel
Y401C are completely and reversibly elimi-
nated by 0.5 mM extracellular Cd21.
(D) MTSES irreversibly reduces the peak cur-
rent by z50%. The residual current is then
scaled up to match the amplitude of the un-
modified current, the modified current is now
blocked less than 50% by 0.5 mM Cd21.
Washout of Cd21 completely reverses the
current inhibition.
the sensitivity of the wild-type channel to subsequent In each case, the reduction in unitary current is more
prominent at negative voltages. By plotting the ratio ofblock by Cd21 (Figure 2B). In contrast, the cysteine sub-
the blocked and unblocked unitary currents and assum-stitution mutant Y401C is quite sensitive to block by
ing a single-site model for Cd21 binding (Woodhull, 1973;Cd21; 500 mM completely eliminates Na1 current (Figure
Backx et al., 1992; see Experimental Procedures), we2C). Modification of Y401C by a saturating concentra-
estimated the fraction of the voltage field traversed bytion of MTSES reduces the peak current by z50% and
Cd21 to reach its binding site (Figure 3C). The sequence-attenuates block by Cd21: 500 mM now reduces the
aligned positions in the first and third repeats (W402Cremaining current by less than 50% (Figure 2D). The
and W1239C) are blocked with nearly the same voltagereduction of Cd21 affinity in other cysteine mutants after
dependence; the Cd21 binding site is at the same depthMTS modification is also consistent with a free cysteinyl
in the transmembrane electrical field. The Cd21 block ofside chain in the pore mediating the enhanced Cd21
I757C, the sequence-aligned position in domain II, isblock (Table 1).
somewhat less voltage-dependent, consistent with a
binding site more peripheral in the membrane electricalFractional Electrical Distances for Cd21 Binding
field. The domain IV substitution,D1532C, is at the exter-in Cysteine-Substituted Pore Mutants
nal ring of negative charge; this mutant is blocked withThe cysteine substitution mutants are accessible from
a similar voltage dependence to W402C and W1239C,the extracellular surface of the channel as assessed
despite a more superficial position suggested by se-by sensitivity to block by group IIB divalent cations or
quence alignment.covalent modification by MTS reagents (PeÂ rez-GarcõÂa
To define the positions of each of the P segments inet al., 1996). The voltage dependence of blockade of
the pore, we made similar measurements of the voltagethe unitary current by Cd21 was used to determine the
dependence of Cd21 block of cysteine-substitution mu-
relative location of the substituted cysteines in the pore.
tants at each position from the selectivity filter to the
To study the open-channel conformation, the pyrethroid
residues that form a putative ring of negative extracellu-
insecticide fenvalerate was used to promote long open- lar charge. Defining the electrical distance for Cd21 block
ings (Backx et al., 1992; Holloway et al., 1989). Unitary of sequential substitutions within a domain increases
Na1 currents in the presence and absence of Cd21 are the confidence in any single d value and enables the
shown in Figure 3A. Representative cysteine substitu- localization of a larger extent of the P segment within
tion mutants in each of the four P segments (W402C, the membrane field.
I757C, W1239C, and D1532C) are shown. These cyste- The single-channel conductances and half-blocking
ine-substitution mutants are blocked in a voltage-de- concentrations (IC50) for Cd21 are summarized in Table
pendent fashion by submillimolar concentrations of ex- 1. The conductances of most of the mutants, except
tracellular Cd21. The W402C, I757C, and W1239C those at the putative selectivity filter and those that
mutants exhibit incompletely resolved blocking events neutralize a charge, are within 30% of the wild-type
in the presence of Cd21. Block of the fourth domain conductance (50 6 0.3 pS). A notable exception is the
mutant D1532C is too rapid to be resolved and appears increase in conductance of the W1531C mutant (100 6
as a reduction in the single-channel current amplitude. 4 pS). The importance of the charge at the selectivity
The averaged single-channel currents through these filter is illustrated by the dramatic decrease in conduc-
mutants in the presence and absence of Cd21 are repre- tance with neutralization of the negative charges in do-
mains I and II (D400C, 7.0 6 0.5 and E755C, 12.0 6 0.9sented in the current-voltage relationships (Figure 3B).
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Figure 3. Single-Channel Current and Cd21 Block of Cysteine Mutants
(A) Representative single-channel records are shown for cysteine substitution mutants in each of the P segments. The currents are elicited
by steps to the indicated potentials from a holding potential of 2100 to 2120 mV in the cell-attached configuration. The patches have been
modified by the addition of 20±30 mM fenvalerate to the bath. The addition of Cd21 to the pipette solution, 200 mM (W402C), 500 mM (I757C),
300 mM (W1239C), and 300 mM (D1532C) blocks the single-channel current. In three of the four mutants (W402C, I757C, and W1239C),
incompletely resolved blocking events are seen, and block is manifest as a reduction in the unitary current amplitude in the D1532C mutant.
(B) The current-voltage relationships for each of the mutants in the absence (filled circles) or presence (filled squares) of Cd21 at the
concentrations indicated above. The reduction in single-channel current is more pronounced at negative voltages. The single-channel conduc-
tances in the absence of Cd21 for each of the mutants is indicated on the plot.
(C) Plots of the ratio of the single-channel current amplitudes in the presence and absence of Cd21 versus voltage (see Experimental Procedures).
The slope of this relation is Zed/RT. The electrical distance for Cd21 block for each of the mutants is indicated on the plot.
pS), and conversely, the increased conductance with each of theP segments, the fractional electricaldistance
for Cd21 binding decreases monotonically. Sequence-replacement of the positive charge in domain III
(K1237C, gNa 5 105 6 5 pS). Replacement of alanine aligned positions in domains I (W402C and E403C) and
III (W1239C and M1240C) are blocked by Cd21 with ain the fourth domain reduces conductance (A1529C,
gNa 5 28 6 0.4 pS), consistent with a steric effect pro- similar voltage dependence, implying that these two
loops are at a comparable depth within the membraneduced by changing the bulk of the side chain of this
residue. The charge as well as the size of the side chain field. In contrast, the aligned residues in domain II (I757C
and E758C) are blocked with a shallower voltage depen-at the selectivity filter positions are critical determinants
of the Na1 conductance. dence, consistent with the loop being further out of the
membrane field. While a fractional electrical distanceFigure 4 summarizes the voltage dependence of Cd21
block of the mutants. The fractional electrical distances for Cd21 binding has not yet been determined for the
small-conductance E755C channel, we show below thatfor block of each of the cysteine substitution mutants
enabled us to generate a graphical representation of the accessibility of this site to the MTS reagents is the
greatest of all of the putative selectivity filter residues,the relative register of the four P-segments. Each row
of sequence-aligned substitutions are plotted with the consistent with a more superficial location in the pore.
The domain IV P segment sequence-aligned positionssame symbol; for example, E403C and its aligned resi-
dues in domains II±IV are open squares. Moving from (W1531C and D1532C) are blocked with a steeper volt-
age dependence than the mutants in domains I and III,the amino-terminal to carboxy-terminal residues within
Depth Asymmetries in the Na1 Channel Pore
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Figure 4. The Electrical Distances for Cd21
Block of the P Segment Mutants
The fractional electrical distance is plotted
for all of the P segment mutant channels ex-
hibiting high affinity Cd21 block. Each of the
columns represent the residues in the P seg-
ments of domains I±IV, and the fractional
electrical distance is plotted on the y axis.
Residues with the same symbols are aligned
according to sequence similarity. Each point
represents the mean and standard deviation
of at least three patches.
suggesting that the domain IV loop extends further into negatively charged MTSES, E755C is modified by both
the membrane field. of the positive reagents; in contrast, K1237C and
A1529C can be modified only by the smaller MTSEA
Effects of MTS Reagents (66 AÊ 3), but not the larger MTS-ethyltrimethylammonium
The external mouth of the Na1 channel has been mod- (MTSET, 109 AÊ 3). D400C cannot be modified by any of
elled as a wide vestibule that tapers in to a narrow the MTS reagents; thus, spatial constraints limit MTS
selectivity region (Guy and Durell, 1995; Lipkind and accessibility to this residue (Figure 5).
Fozzard, 1994; Dudley et al., 1995). We examined the The selectivity region of the Na1 channel excludes
accessibility of P segment cysteine substitutions to sulf- anions efficiently. Cysteine substitution mutations near
hydryl-specific modification using hydrophilic MTS re- the selectivity region (D400C, E755C, K1237C, A1529C,
agents to determine if there is a constriction in this and G1530C) were not modified by the negatively
region of the channel. Accessibility of amino acids in charged MTSES (90 AÊ 3) (Figure 5). Failure of this agent to
the narrow region of the pore will depend on the volume modify residues at the putative selectivity filter (D400C,
and charge of the modifying reagent. We assume that E755C, K1237C and A1529C) may be the result of the
sulfhydryl modification in this region will alter Na1 con- size or the charge of MTSES, but it is more likely the
ductance by steric hinderance, electrostatic interac- charge of MTSES that prevents modification of G1530C,
tions, or both. Figure 5 summarizes the effects of MTS which reacts with the larger but positively charged
reagents on the whole-cell current of the skeletal muscle MTSET. The size exclusion of MTS reagents confirms
and cardiac isoforms of the channel, and the skeletal our interpretation of the fractional electrical distances
muscle P segment mutants. The skeletal muscle isoform for Cd21 block; cysteine substitutions at residues with
(m1) is entirely unaffected by the MTS reagents, while fractional electrical distances greater than 0.3 exclude
the presence of a naturally divergent cysteine in the the larger MTSET. MTSES, the negatively charged re-
pore renders the cardiac isoform (hH1) susceptible to agent, is excluded from some regions of the pore that
MTS modification resulting in significant current reduc- MTSET can access (e.g., positions 755 and 1530), as is
tion. The results extend our previous study (PeÂ rez- expected in a Na1-selective pore where anionic exclu-
GarcõÂa et al., 1996) by the inclusion of several new mu- sion is operative. The MTS accessibility is consistent
tants and the use of the negatively charged reagent with a wider vestibule that tapers to a narrow selectivity
MTSES. In general, modification of a cysteinyl residue region.
in the pore with the addition a bulky adduct reduces the
peak current. However, the addition of the negatively
Selectivity Changes in Pore Mutantscharged ethylsulfonate by MTSES modification of the
The expressed wild-type skeletal muscle channel is sig-substitutions at the external ring of anionic charge
nificantly permeable to Na1 and Li1 but not other mono-(E758C, D1241C, and D1532C) increases the current.
valent cations (Figure 6A). Alteration of the volume orThe increase in current produced by restoration of the
charge of the side chain of the residues at or near thenegative charge at these sites is at least partially consis-
narrow region of the Na1 channel pore would be ex-tent with an electrostatic role for the ring of charge in
pected to affect selectivity of the channel. Indeed, theNa1 conductance (Chiamvimonvat et al., 1996).
K1237C mutation in the third domain increases the per-Cysteine-substitutionmutants in the putative selectiv-
meability of the channel to monovalent cations suchity filter show major differences in the pattern of accessi-
bility. While none is susceptible to modification by the as K1 and NH41 (Figure 6B). However, the amino acid
Neuron
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Figure 5. MTS Reagent Sensitivity
Plot of the normalized whole-cell peak current amplitude in the
Figure 6. Selectivity Changes with Cysteine Mutagenesispresence of saturating concentrations of three different MTS deriva-
(A) Representative whole-cell currents elicited by depolarizing volt-tives.The ratio of the current after (I) and before (I0) MTS modification
age steps from 2100 to 230 mV in an external solution containingis plotted for each of the cysteine mutants, the wild-type rat skeletal
96 mM of the designated cation. The wild-type m1 currents andmuscle (m1) and human heart (hH1) Na1 channels. The cross-
three domain IV P loop mutations are shown. The current recordshatched bars represent MTSEA, the diagonally hatched bars
were scaled such that the amplitude in 96 mM Na1 were the sameMTSET, and the filled bars MTSES. A downward going bar means
for each of the channel variants.that modification decreases the peak current size, an upward bar
(B) The peak whole-cell current amplitude in solutions containingindicates that modification increases the peak current size. The bars
96 mM Li1 (filled bars),K1 (diagonally hatched),NH41 (cross hatched)represent the means 6 SEM of data from 3±21 oocytes. The asterisk
are normalized to the amplitude in 96 mM Na1 and plotted for eachrepresents a p < 0.05.
of the cysteine substitution mutants. A value of 1 means the cation
is as permeable as Na1 in the mutant channel. The bars represent
residues at the filter do not contribute equally to the the mean 6 SEM of data from 3±14oocytes. The p values are * <0.05,
selectivity of the channel. E755C alters monovalent cat- ** <0.0005, and *** <0.0001.
ion selectivity but not as dramatically as K1237C. E755C
is substantially permeable to NH41 but not K1, Cs1, or
cation selectivity with the A1529C mutation, coupledNMG1. Cysteine substitutions at D400 and A1529 have
with the selectivity changes observed with other muta-only minor effects on monovalent cation selectivity, and
tions in the domain IV P-segment, open questions as toboth mutants are permeable to Li1 but are not perme-
the importance of A1529 in forming the filter. Theable to NH41, K1, Cs1 or NMG1. The charge at position
changes in selectivity produced by the mutation400 is not a crucial determinant of Na1 selectivity.
W1531C are comparable to those of K1237C; inspectionThe Cd21 block data suggest that the fourth domain
of Figure 6B suggests an arc of selectivity that involvesP segment penetrates further into the electrical field
E755 and K1237 at the putative filter and residues 1530±than the P segments of the first three domains, raising
1532 in domain IV.the question of whether cysteine substitutions in this
domain alter selectivity. All of the mutants, like wild-
Discussiontype m1, are significantly permeable to Li1, but D1532C,
W1531C, and G1530C support significant K1 and NH41
We have exploited molecular genetics and high-resolu-flux (Figures 6A and 6B). These residues appear to form
tion electrical recording togain insight into themolecularpart of the selectivity mechanism of the channel pore.
basis of permeation in the Na1 channel. Cysteine scan-While the changes in permeability produced by mutation
ning accessibility mutagenesis and single-channel re-of residues at the putative selectivity filter were ex-
pected, the lack of a substantial change in monovalent cording have permitted us to localize residues in the
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pore of the Na1channel and to study their roles in selec- G1530C, which is accessible to the larger cationic re-
agent MTSET. Therefore, MTSES is not excluded fromtivity and conductance. The more global structural impli-
cations of our data necessitate major revisions of mod- this position by size but by charge. The general architec-
ture of the external pore suggested by our data is thatels of the Na1 channel pore.
of a vestibule with a discrete constriction approximately
30% of the way into the electrical field from the outside.Divalent Cation Block of Cysteine Mutants
The pattern of fractional electrical distances for Cd21Cysteine substitutions are well-tolerated in the pore of
block of the cysteine mutants is consistent with posi-the Na1 channel. All but one mutant produced functional
tions on the ascending limb of the P segments, inchannels with voltage-dependent gating and monova-
agreement with the predicted topology of this region.lent cation selectivity. Insertion of a thiol side chain has
However, the correlation of electrical distances withthe distinct advantages of creating a high-affinity (1024±
physical distances is limited by the simplifying assump-1027 M) binding site for group IIB divalent cations that
tion of a linear drop in the electrical field along the con-is also capable of reacting with specific modifying re-
duction pathway.agents such as the MTS derivatives (Abakas et al., 1992;
Stauffer and Karlin, 1994). Group IIB divalent cations
are especially useful because they are small, charged, Selectivity Changes in Cysteine Mutants
Cysteine substitution of the amino acids at the putativeand reversible blockers. Substitution of cysteines for
each of the amino acids in the pore of the Na1 channel selectivity filter (Heinemann et al., 1992) alter cationic
selectivity. Even among these sites, the magnitude ofand single-channel analysis of the block by Cd21 en-
abled us to determine the location of each of these the change in cation selectivity is very position-specific.
Replacement of the lysine at position 1237 producesresidues in the pore, with respect to the electrical field
and to one another. The important interpretations of this the most profound changes; this mutation is no longer
selective for Na1 over K1, and other monovalent cationsdataare that the P segments are not in register with each
other, nor are the segments parallel as they traverse the (e.g., NH41) are significantly more permeable through
K1237C than through the wild-type channel. Significantmembrane. Cysteine substitutions at sequence-aligned
positions in domains I and III are blocked by Cd21, with changes in Na1 conductance appear when the other
positions are substituted by cysteine, but the changescomparable fractional electrical distances, suggesting
a similar depth in the pore. Substitution mutants at the in selectivity are much more subtle. Changes in the Li1
or NH41 permeability are observed at other sites, butalignedresidues indomain II suggest that this P segment
is somewhat shallower than domains I and III, while the these other mutant channels remain selective for Na1
over K1.domain IV P segment is distinctly deeper. The similar
fractional electrical distance for Cd21 binding does not Unexpectedly, cysteine substitution of several amino
acids in the fourth domain dramatically alter ion selectiv-imply functional equivalence of P segment residues in
these domains. For example, cysteine substitutions at ity. The cysteine-substituted domain IV mutants are sig-
nificantly less selective for Na1over other cations whensequence-aligned positions in domains I and III exhibit
differences in expression, single-channel conductance, compared with similar mutations in domains I±III. The
fourth domain P segment has a unique role in Na1 chan-accessibility to MTS reagents and cation selectivity.
These data emphasize the functional asymmetry of the nel selectivity. Cysteine substitution of the residues in
domain IV SS2 exhibit profound changes in selectivity,Na1 channel pore.
comparable to those seen in the mutants at the putative
filter. These data necessitate a revision of the prevailingMTS Modification of Cysteine Mutants
view regarding how selectivity is produced in Na1 chan-Cysteinemutagenesis creates a target for covalent mod-
nels. Rather than a discrete ring of residues creating aification by reactive mixed disulfides. The MTS reagents
constriction in the pore, a ridge involving residues inarehighly reactive and specifically modify free sulfhydryl
SS2 of domain IV contributes to the structural basis ofgroups in an aqueous environment. The addition of posi-
selectivity in the channel.tively and negatively charged adducts to the MTS back-
bone alters the accessibility of these compounds to
cysteines in the Na1 channel pore based on size and Structural Model of the Pore
The patterns of side chain accessibility, fractional elec-charge exclusion. The differential modification by the
MTS reagents of cysteine substitutions in the pore is trical distance for Cd21 block, and alteration of cation
selectivity have major structural implications. We exam-consistent with the proximity of P segment residues in
the narrowest region of the channel. Of the four substitu- ined a contemporary model of the pore (Guy and Durell,
1995) for inconsistencies with our data. This model pro-tions at the putative selectivity filter, three are not modi-
fied by MTSET, the larger of the two cationic MTS re- poses that each of the four P segments is composed
of two a-helices linked by short loops; the amino acidsagents. In the case of E755C, the larger MTSET inhibits
currentas efficiently as MTSEA, implying a more superfi- that comprise the selectivity filter are located within
these loops. Figure 7A shows the structure of the Pcial location of this site compared with the other selectiv-
ity filter residues. Charge exclusion is operative in the segments proposed by Guy and Durell as viewed from
the intracellular surface of the channel. Side views ofNa1 channel pore, as has been observed in other cation
channels (Abakas et al., 1994; Pascual et al., 1995). the domain I±II and domain III±IV P segments are shown
in Figures 7C and 7E, respectively; part of the noncon-MTSES, the anionic reagent, does not modify any of the
substitutions at the selectivity filter, nor does it modify strained a helices have been omitted for clarity. Notably,
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Figure 7. Structural Model of the Na1 Channel Pore
(A) A view from the intracellular surface of the pore in the model proposed by Guy and Durell (Guy and Durell, 1995). This model was used
as a starting point for modification and optimization based on our experimental data. The backbone structure is shown in a ribbon configuration
and the selectivity filter amino acid side chains are shown in stick configuration. The colors in the peptide backbone represent the individual
amino acids.
(B) The intracellular surface of the modified model in the same format as (A). Obvious changes in symmetry are observed.
(C±F) The domain I and II P segments from the Guy and Durell model (C) and the modified model (D) shown from the side with the membrane
stripped away. The format is similar to (A) and (B), but the selectivity filter side chains are not shown. The same view of the domain III and
IV P segments are shown in (E) (Guy and Durell) and (F) (modified). Mutant channels that are blocked with high affinity by Cd21, modified by
MTS reagents, or both, have their side chains pointing into the pore; this constraint dictates extensive unwinding of the a-helices.
the P segments in this model are highly ordered and residues to point into the pore. The presence of a long
loop in the pore serves to reemphasize the importancesimilarly disposed with respect to their depths in the
cell membrane. of this structural motif in ion channel function. Second,
the loops are not symmetrically disposed with respectOur data necessitate two major changes in the Guy
and Durell model of the pore: the P segments cannot to the axis normal to the membrane. The carboxy-termi-
nal half of the seconddomain P segment is more superfi-be placed at the same depth, and the length of the
extended loops in each of the domains must be ex- cial than the sequence-aligned regions of the domain I
and III P segments (Figures 7D and 7F). The Guy andpanded. As a starting point, we used the coordinates
of this model (Figure 7A, provided by H. R. Guy), then Durell model also predicts that the selectivity loop of
domain II is superficial (Figures 7C and 7E), but theconstrained the positions of the side chains so as to
render their pattern of accessibility consistent with our difference between segments is much more subtle than
our modified model. Conversely, the domain IV P seg-experimental data. The a helical regions for which there
are no data were not altered. The structure was reopti- ment penetrates deeper into the pore than domains I or
III (Figures 7D and 7F); this contrasts with the unmodifiedmized by energy minimization. Our revised pore model
is shown in Figures 7B, 7D, and 7F. Several features of model in which the domain IV P segment is aligned with
the P segments of domains I and III (Figures 7D and 7F).this modified structural model deserve comment. First,
in all four P segments, the extended loops are, at a The depths of the residues in the P segments of the
revised model are shown in Figure 8, which plots theminimum, two amino acid residues longer than pre-
dicted by the Guy and Durell model. This modification relative z coordinate of the a carbon of each of the P
segment amino acids. This plot is analogous to that ofis required to permit the side chains of many of the
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Figure 8. Depth of P Segment Amino Acids
Plot of the z-axis (normal to the membrane) coordinates of the a carbons of each of the residues in all four P segments of the original Guy
and Durell model (left) and the modified structural model (right). The relative locations of the residues in the z-axis of the modified model are
constrained by the fractional electrical distance for Cd21 block. The absolute values of the z-coordinates are arbitrary. For comparison, we
use the same reference point (zero z-coordinate) as that of Guy and Durell (Guy and Durell, 1995).
the fractional electrical distances (Figure 4); in the re- the P segments of domains II and IV closer to the extra-
cellular mouth of the channel. In contrast, our data indi-vised model we have been able to reproduce the ob-
cate that at least in the Na1channel, domains I and IIIserved depth asymmetries of the P segments. The loca-
have a similar relative register, but the domain IV Ptions of the residues in the extended loop are based
segment is deeper than the others. Depth asymmetriesupon the fractional electrical distances for Cd21 binding;
in both channel types are likely to be crucial in determin-as such, the loops all have very different orientations
ing the permeation phenotype.with respect to the axis of the pore. Third, unwinding
some of the helical secondary structure of the P seg-
Experimental Proceduresments unpacks this region, separating the side chains
of the P segment residues (Figure 8) and reducing the
Mutagenesis and Heterologous Expression
diameter of the deeper vestibule (Figures 7A and 7B). The m1 skeletal muscle Na1 channel (Trimmer et al., 1989) cloned
Nonetheless, a minimal pore diameter of z5AÊ is main- into a modified pSP64T (Kreig and Melton, 1984) was used for heter-
tained in the revised model, consistent with the organic ologous expression. A 1.9 kb BamHI-SphI fragment was cloned
into pGEM-11Zf1 (Promega, Madison, WI) and a 2.5 kb SphI-KpnIcation permeability of the Na1 channel (Hille, 1971).
fragment was cloned into pGEM-9Zf- (Promega, Madison, WI) forAlthough we have chosen the Guy and Durell model
synthesis of single-stranded DNA templates, to create mutants inas a point of departure, similar changes would be re-
the first P segment and second through fourth P segments respec-
quired to reconcile our data with the b-hairpin model tively. Site-specific mutations were generated employing a pheno-
proposed by Lipkind and Fozzard (Lipkind and Fozzard, typic selection strategy (Kunkel, 1985). The mutated cassettes were
then subcloned back into the full-length m1 in the modified pSP64T.1994). In this formalism, most of SS2 consists of
All mutations were confirmed by dideoxy chain termination DNAb-strands that would have produced a strictly alternat-
sequencing.ing pattern of side-chain accessibility. As presently for-
The expression plasmid for the m1 a subunit was linearized with
mulated, the Lipkind and Fozzard model also fails to SacI, the human heart channel (hH1, Gellens et al., 1992) with XbaI,
predict the observed differences in depth of the four P and the b1 subunit (Isom et al., 1992) with EcoRI for in vitro RNA
segments. transcription. The cRNA was dissolved in DEPC-treated water at a
concentration of 0.1±0.25 mg/ml, and equal amounts of each subunitThe depth asymmetries of critical residues in the P
were mixed and injected into Stage V±VI Xenopus laevis oocytessegments of the Na1 channel may be functionally impor-
(Xenopus I, Ann Arbor, MI; Nasco, Ft. Atkinson, WI), as describedtant in permeation, as has been suggested for the Ca21
(Tomaselli et al., 1991). The injected oocytes were stored at room
channel (Yang etal., 1993; Sather et al., 1994). Functional temperature in modified Barths solution containing 88 mM NaCl, 1
nonequivalence of the conserved glutamates in the P mM KCl, 2.4 mM NaHCO3, 15 mM Tris base, O.3 mM Ca(NO3)2´4H2O,
0.41 mM CaCl2´6H2O, 0.82 mM MgSO4´7H2O (pH 7.60), supplementedsegments of the Ca21 channel may facilitate a series of
with 5 mM sodium pyruvate, 0.5 mM theophylline, 100 U/ml penicil-interactions between the channel and several Ca21 ions
lin, and 100 mg/ml streptomycin (GIBCO BRL, Gaithersburg, MD).moving through the pore. A similar role for amino acids
in P segments at different depths in the Na1 channel Whole-Cell Current Recording and Analysis
pore could be envisioned. A structural model proposed Whole-oocyte currents were recorded using a two-microelectrode
voltage clamp (OC-725B, Warner Instrument Corporation, Hamden,for the Ca21 channel pore (Guy and Durell, 1995) places
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CT) 2±5 days after RNA injection. Intracellular microelectrode resis- gives the d. The data were fit by least squares linear regression. This
model generated reasonable predictions for the fractional electricaltances were 0.5±1.0 MV when filled with 3 M KCl. Currents were
measured in modified frog Ringer'ssolution containing 96 mM NaCl, distances for Cd21 binding in all mutants analyzed except K1237C.
In this mutant, the fractional electrical distance for binding was not2 mM KCl, 1 mM MgCl2, 5 mM HEPES (pH 7.6). For the whole-cell
selectivitymeasurements, the solutions contained 96 mM LiCl (CsCl, interpretable, possibly reflecting a fundamental alteration of Na1
binding in the pore. We cannot formally exclude the possibility thatKCl, NMGCl, or NH4Cl), 1 mM MgCl2, 5 mM HEPES (pH 7.6) (all
chemicals from Sigma, St. Louis, MO, unless otherwise specified). the mutations produce multiple effects on permeation, fortuitously
resulting in fractional electrical distances for Cd21 binding that areTo optimize voltage control, we used oocytes with small currents
(1±3 mA). Oocytes exhibiting an abrupt rise in the negative slope consistent with the topological model of the channel. However, it
is unlikely that this would occur for 12 of 13 mutants studied.region of the current-voltage relationship or notches in the current
records were not used for whole-cell analysis. Pooled data are expressed as the means and standard error of
the means, and statistical comparisons were made using one-wayWhole-cell currents were sampled at 5 kHz through a 12 bit A/D
converter (model TL-1 DMA Labmaster, Axon Instruments, Foster ANOVA, unless otherwise specified.
City, CA) and lowpass filtered at 1±2 kHz (23dB) with an 8-pole
Bessel filter (Frequency Devices, Haverhill, MA). The currents were Molecular Modeling
The coordinates of the P segment model of the Na1 channel pro-acquired and analyzed using custom-written software.
The dose-response curves of each mutant to block by Cd21 were posed by Guy and Durell were provided by Dr. H. R. Guy. The
coordinates of this P segment model were constrained in accor-determined by adding the chloride salt of the blocker to the bath
at concentrations between 1 mM and 20 mM, depending on the dance with the Cd21 block and MTS accessibility data. The structure
was reminimized using Sculpt molecular modeling software (Inter-sensitivity of the particular mutant. Peak currents were measured
at a test voltage of 230 mV from a holding potential of 2100 mV. active Simulations Incorporated, San Diego, CA) on a Silicon Graph-
ics Indy workstation (Silicon Graphics Incorporated, Mountain View,The currents in the presence of Cd21 were normalized to the current,
in the absence of the blocker. There was no evidence for permeation CA). The models were viewed with rasmol (RasWin Molecular Graph-
ics, Glaxo Research and Development, Greenford, Middlesex, UK).of Cd21 through the wild-type channel or any of the mutants. The
IC50s were determined by a least squares fit (Levenberg-Marquardt
algorithm) of the data to the function: I/Io 5 1/{1 1 ([blocker]/IC50)n}, Acknowledgments
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